Abstract-We present the architecture of a wavelength data rewriter that enables the centralization of optical sources in converged wired/wireless radio-over-fiber (RoF) access networks. In our proposal, wavelength reuse of downlink channels is enabled for uplink purposes. The system is based on a data extinction technique by gain saturation in a semiconductor optical amplifier (SOA). A Fabry-Pérot filter allows envisioning heterogeneous infrastructures for converged wired and wireless signals transport while it relaxes the requirements on the SOA by allowing the use of low bandwidth devices whose cut-off frequency is lower than the subcarrier. In addition, the extinction ratio requirements of the downstream signal are relaxed as well, in order to avoid high power penalties on the upstream signal. The architecture is experimentally tested in an RoF access network with dynamic channel allocation capabilities.
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I. INTRODUCTION
W AVELENGTH-DIVISION-MULTIPLEXED (WDM) radio-over-fiber (RoF) access networks are becoming an attractive solution for future broadband access networks as they provide a converged transport and broadcasting of wired-wireless signals, allow larger bandwidths, enable virtual point-to-point connections with assured delay, and flexible upgradeability while eliminating the need for time-division-multiplexing (TDM) techniques that present timing and amplitude signal ranging as well as scheduling protocols [1] , [2] . However, similar to WDM-passive optical network (WDM-PON) systems, WDM-RoF networks involve precise wavelength tuning at the optical network unit (ONU) which incurs in significant operational costs associated with the management of a wide range of remotely located wavelength sources apart from the cost of having specific optical sources in each ONU or customer's equipment. The centralization of the optical sources has arisen as a technique to deploy WDM access networks featuring ONUs without wavelength controlled lasers [3] , [4] . As a result, the same equipment at the ONU can process any wavelength channel resulting in a mass production of ONU equipment with significant cost reduction. Several techniques have been proposed to achieve centralized light sources: injection-locked Fabry-Pérot lasers [5] , reflective semiconductor optical amplifiers (SOAs) [6] , downstream frequency-shift keying (FSK) [7] and differential phase-shift keying (DPSK) transmission [8] , and unmodulated time slots of a downstream link [1] . However, these techniques result in complex transceivers, additional light sources, limitations imposed by the modulation, and waste of bandwidth. A simple technique to attain centralized sources for access networks is based on the data extinction of the baseband downstream link using the gain saturation of an SOA [9] . In this technique, data extinction implies the removal of the received data from the optical carrier which enable the reuse of the downlink wavelength for uplink purposes.
In this letter, we present the architecture of a wavelength data rewriter (WDR) based on the data extinction technique that extend its capabilities to enable the transport of converged wired and wireless signals. The system consisting of a saturated SOA, a Fabry-Pérot filter (FPF), and a Mach-Zehnder modulator (MZM) was tested in a multiwavelength environment provided by an RoF access network featuring dynamic wavelength allocation. Fig. 1 depicts the layout of the WDR. A 90/10 optical coupler placed before the data extinction ratio (ER) system allows the acquisition of the downstream signal. The WDR consist of an SOA in the saturation regime and an FPF. In our approach, the saturation mode of the SOA is set by the output signal from an erbium-doped fiber amplifier (EDFA) placed at the remote node (RN). In this way, the amplifier can be shared among several ONUs. Once the signal is launched into the network, each SOA at each ONU reaches the saturation regime. As a result, the difference between the low and high logic levels is considerably reduced at the SOA output so that the baseband signal modulation pattern is partly erased. The power budget of the system can be improved by the use of low power saturated SOAs.
II. SYSTEM DESCRIPTION
Our current work has shown that an SOA featuring a short length active cavity of 300 m with a bias current of 150 mA results in a reduction of the optical power given by the EDFA to 1041-1135/$26.00 © 2010 IEEE saturate the SOA from 12 dBm to roughly 3 dBm. The effectiveness of the removal process depends on the effective frequency bandwidth of the SOA when it is saturated since the saturation response of the SOA performs a high-pass filtering behavior that is determined by certain cut-off frequency. From this threshold frequency, the SOA achieves a performance similar to a conventional amplifier. Therefore, if the downstream contains an electrical subcarrier whose frequency is higher than this cut-off frequency, the radio-frequency (RF) signal might not be erased in the same way as the baseband data signal. Therefore, the FPF placed after the SOA removes the RF signal and contributes to the ER reduction due to its narrow passband profile, so that, the low ER requirement of the downstream signal in order to avoid high power penalties on the upstream signal is relaxed. In addition, the FPF reduces the downstream amplified spontaneous emission noise coming from the saturated output of the SOA. After the data extinction process, the upstream signal is modulated onto the same downstream wavelength by the MZM. As a result, each ONU receives downstream data on a wavelength channel, extracts the downstream composed baseband and RF signals, and erases its content in order to rewrite the upstream data to send it back to the central office (CO). In this way, efficient wavelength utilization from the ONU to the CO through different downlink and uplink fibers is achieved due to the use of the same wavelength for both downstream and upstream signals.
III. EVALUATION PERFORMANCE
The system was tested in an RoF access network with dynamic channel allocation capabilities as shown in Fig. 2 . In this network, a wavelength router assigns a fixed wavelength channel and one or more extra capacity channels to each ONU depending on the demand. A comprehensive description of the wavelength router can be found in [10] . Four fixed channels (1546.65, 1547.5, 1548.3, and 1549.10 nm) and two extra-capacity wavelength channels (1549.8 and 1550.6 nm) were used in the experimental demonstration. The fixed channels convey a composed subcarrier-multiplexing (SCM) signal with baseband data at 625 Mb/s (baseband-service-1) and an RF subcarrier with 5-Mbauds QPSK onto 5 GHz (RF-service-1). One of the extra capacity channels transports baseband data at 2.5 Gb/s (baseband-service-2) and the other carries an RF subcarrier with 10-Mbauds QPSK at 2.5 GHz (RF-service-2).
Baseband services feature a pseudorandom bit sequence (PRBS) pattern featuring an ER of roughly 4 dB. After the downstream signal is broadcast and acquired by the ONU, the portion of the signal for the wavelength rewriting process is launched into the WDR. In our system, only the fixed channels are reused and one WDR per ONU is placed as we assume that one wavelength suffices for the uplink demand. In this context, the downstream signal power at the RN output was 12 dBm after compensating its insertion losses (5 dBm); then, the downstream was launched into the link to reach the WDR. In accordance with our estimations, the transmitted power is right on the limit for the typical nonlinear effects such as the stimulated Brillouin scattering (SBS) to be significant, given the 2-km short-haul link between the RN and the ONU. In addition, we consider different fibers for downlink and uplink so that the counterpropagating effects coming from the SBS do not affect significantly the quality of the upstream signals. After transmission and downstream extraction, roughly 10 dBm suffice to saturate the SOA whose saturation output power was roughly 3 dBm. The average SOA output power was 6 dBm. Then, an FPF featuring 170-MHz bandwidth at 3 dB and a free spectral range (FSR) of 35 GHz was used to remove the RF service from the downstream signal. Once the downstream services were removed from the optical carrier, the MZM remodulates the upstream signals. In the experiments the upstream link features a combined baseband with 2.5 Gb/s and an RF subcarrier with 10-Mbauds encoded quadrature phase-shift keying (QPSK) onto 5 GHz.
A. WDR Frequency Response
The response of the system as a function of the frequency can be seen in Fig. 3. Fig. 3(a) shows the response of the baseband signal and Fig. 3(b) shows the response of the RF service. For illustrating purposes, the response before the SOA is also included. In the case of the baseband service, a reduction of the ER was measured to be from 4 to 0.7 dB for a data rate at 2.5 Gb/s as can be seen in the inset of Fig. 3(a) . On the other hand, there was not suppression for the RF service but an enhancement of its quality, at 5 GHz the error vector magnitude (EVM) decreased from 4.2% to 2% after the SOA; insets in Fig. 3(b) show the constellation diagram for the 10-Mbauds QPSK at 2.5 GHz. By analyzing the response of the data extinction system with the combined wired/wireless transport, it is clear that the EVM is not degraded; on the contrary, it is improved as the frequency increases due to the SOA bandwidth. The same effect can be seen in the baseband service. These results prove the necessity of optical filtering after the data extinction process.
B. WDR Performance in a Dynamic Capacity Network
The signal degradation for the downlink and uplink was measured for wired and wireless services. For the experimental eval- uation, the quality of signals in ONU-1 was measured under a dynamic wavelength assignment environment. Two scenarios were evaluated. Insets in Fig. 2 show the assigned wavelength channels for the examined scenarios. In the first one, ONU-1 is fed with baseband-service-1, RF-service-1, and basebandservice-2. In the second scenario, ONU-1 receives basebandservice-1, RF-service-1, baseband-service-2, and RF-service-2. For all cases, the signal power was attenuated to 8 dBm to emulate the fiber loss in the network. Then, a 90/10 optical coupler splits the downstream wavelength channel to analyze the downstream signal by stand-alone and independent analyzers for both baseband and RF services. Fig. 4 shows the quality of the downstream signal. Fig. 4(a) shows the bit-error-rate (BER) performance of the examined baseband service showing in all cases a positive penalty of approximately 1 dB for BER compared to the back-to-back curve. Fig. 4(b) shows the quality of the RF service; degradation of the QPSK signal was measured showing a low EVM below 3.6% for received optical powers under 24 dBm and with a degradation of roughly 0.2% compared to the back-to-back value. The observed low penalties are caused mostly by the inherent insertion losses of signal transmission through the fiber and the optical-coupler-based downstream extraction. The experimental results showing the quality of the upstream baseband signal are shown in Fig. 4(c) . We evaluated the upstream signals of four different ONUs, i.e., four different wavelengths; insets show the eye diagram of the 2.5-Gb/s baseband signal. Overall, the full penalty was measured to be 1.7 dB for . Fig. 4(d) shows the results obtained from the upstream RF service; the EVM value keeps constant around 4.7% featuring a penalty of roughly 1% as compared to the back-to-back of the signal. This is caused by the crosstalk coming from the remaining downstream baseband that was not suppressed by the saturated SOA. Improved temperature stability of the SOA will reduce the noise figure and thus the signal penalties. Insets of Fig. 4(d) show the constellation diagram of the upstream RF signal. Negligible differences were found with four different uplink wavelengths for both uplink services.
IV. CONCLUSION
We have presented a WDR based on the SOA saturation method combined with the Fabry-Pérot-based optical filtering. The system allows reusing the downstream wavelength channel for the upstream link. In addition, optical filtering enables combined transport of wired and wireless signals by removing the RF signals that the SOA bandwidth cannot suppress due to its bandwidth. The proposed approach features partial extinction of the optical baseband signal ( 0.7 dBm) and full suppression of the RF service. A successful rewriting process of the downlink wavelength for uplink purposes featuring a baseband service at 2.5 Gb/s and an RF service with 10-Mbauds QPSK onto a 5-GHz subcarrier was demonstrated in this letter in the framework of an RoF access network with dynamic channel allocation capabilities. This represents the novelty and fundamental basis of our contribution: the transport and subsequent process of converged signals to enable the reuse of the downstream wavelength by using a low bandwidth SOA. Power penalties for the upstream link in the baseband service come from signal remains of the downstream signal, in particular when the downstream ER is higher than 4 dB. As for the RF service, the penalty is around 1% of the EVM value when the filter is used; otherwise, the crosstalk makes the EVM increase beyond 5%.
